Fiber-optic sensors for sensing electrical current are attractive due to their inherent immunity to electromagnetic interference. Several groups have shown the use of Faraday rotation in magneto-optical materials as a function of current-induced magnetic field. In this work, fiber-optic sensors based on different mechanisms such as magnetic-fielddependent polarization coherence and power scattering effects in magneto-optical materials are demonstrated. These novel sensor configurations can have advantages in that they exhibit power-independent or polarization-independent operation which can ultimately lead to fewer components and relaxed light source requirements compared to fiber-optic current sensor systems based on Faraday rotation.
INTRODUCTION
Monitoring of high-current signals is of interest for testing of firesets. Optical current monitors have several advantages over conventional current-voltage transformers including order-of-magnitude reduction in size, weight and power. immunity to electromagnetic interference and simultaneous high-peak-current sensing (>2kA) and high-bandwidth (>200MHz) operation. Optical current monitors are used commercially used for monitoring ac power distribution of utilities, but these are large systems which require high power consumption and not suitable for the applications described above. The basis of the majority of optical current monitors to date is the non-reciprocal Faraday rotation effect in magneto-optical crystals [1, 2] or optical fiber [3, 4] to measure changes in current-induced magnetic field. With this type of system, birefringence due to fiber strain is an issue that degrades the detection signal although several methods have been proposed to reduce this problem. Rare-earth iron garnets (RIGs) in particular have strong Faraday rotation properties [5] and examples such as bismuth-doped iron garnets (BIG) and yttrium-doped iron garnets (YIG) are commonly used. The magnetic field vector parallel to optical axis through these materials produces Faraday rotation which generally saturates at above some magnetic field value. The magnetic field also affects light propagation and diffraction via scattering due to changes in the size of the magnetic domains as well as the degree of polarization of the output light. We investigate these two relatively unexplored mechanisms for magnetic field and current sensing in this work. The goal was to develop a compact, cost-effective optical current monitor system with low power consumption using readily available fiber-optic components at 1.55um from the telecom industry. In an effort to reduce cabling, a reflection geometry was chosen as shown in Fig. 1 which requires only one fiber cable and also doubles the sensitivity because of the double pass through 0.5-mm-thick BIG film that was used as the magneto-optical material. A lens was used to expand and collimate the beam from single-mode fiber through the BIG film and a high-reflectivity coating was deposited on the back of the BIG film. The packaged sensor was 5mm in diameter and 20mm in length.
APPROACH

DC CHARACTERIZATION
Individual pieces of the BIG film of 0.5-mm thickness and 1.25x1.25mm area were imaged under a polarizing microscope under various external magnetic fields in the direction of the thickness to evaluate how the magnetic domains changed with magnetic field. The magnitude of B was varied by moving a horseshoe magnet increasingly closer to the BIG film, and B was measured using a gaussmeter in close proximity to the film. Shown in Fig. 2 are polarization microscopy images which show the shrinking of magnetic domain walls with increasing B. One significant result is that a collimated light beam propagating through the BIG film will undergo less diffraction and power scattering from the magnetic domain walls with increasing magnetic field. By measuring the change in transmission power, the change in the magnetic field along the film thickness can then be estimated, and this is the main mechanism that is used for our current sensor. The experimental setup shown in Fig. 3 was used to evaluate the polarization properties of light propagating through the fabricated sensor as a function of applied magnetic field. A broadband amplified spontaneous emission (ASE) source at 1550nm with P=8mW was used as the light source rather than a laser to avoid coherent feedback power fluctuations. A 50/50 single-mode fiber coupler was used to send light into the sensor and back out to a commercial benchtop polarization analyzer which can monitor power and the Stokes parameters on a Poincare sphere, which includes information about the angle and degree of polarization (DOP). The magnitude of the applied magnetic field B was Magnetic field (G) controlled as described above. Studying these parameters is of interest from the perspective of understanding material properties as well as identifying parameters which vary significantly with B and could be used for sensor applications. The polarization rotation angle was measured for a highly-polarized (DOP=95% using inline linear polarizer) and depolarized (DOP=5% with ASE source only and no polarizer) light input as a function of B as shown in Fig. 4 . A linear change in rotation angle was observed for polarized light input only while no appreciable change was observed in rotation angle for the depolarized input. The power transmission was also measured as a function of B parallel and perpendicular to the optical axis as shown in Fig. 5(a) . For the perpendicular case, very little change in power is observed while for the parallel case, a strong B 2 dependence is observed which is correlated to the decreasing magnetic domain walls and associated light diffraction with increasing B. Shown in Fig. 5(b) is the power vs parallel B for the highly-polarized and depolarized light input cases which show similar B 2 change in power, indicating that it is independent of DOP. It was also observed to be independent of input power and specific angle of polarization.
The DOP was also measured as a function of parallel and perpendicular B for depolarized input as shown in Fig. 6(a) and for the parallel B case, for highly-polarized and depolarized light input as shown in Fig. 6(b) . The change in DOP shows periodic behavior with parallel B, and the increase in DOP was as high as ~40%. Interestingly, an increase in DOP also observed for perpendicular B case as well although a smaller change. From Fig. 6(b) , a change in DOP not observed for highly polarized light input case. The observed change in DOP was independent of the optical power which could potentially be advantageous in certain sensor systems. From a sensor system standpoint, measuring the change in rotation angle, power or DOP could each be used as a way to estimate the B along the optical axis of the BIG film. These sensor systems are considered in Fig. 7 . For the rotation angle case which is most commonly employed, linear polarizers are required to define and analyze the polarization rotation which can result in 10-20dB insertion loss. For the DOP case, a polarization analyzer is required at the detection end. For the power transmission case, no polarizers are required and a simple photodetector can be used at the detection end. For this reason, the change in power is used as the sensing parameter in the following current transient measurements. 
cI
TRANSIENT CURRENT PULSE MEASUREMENTS
In order to evaluate the temporal response of the sensor, a capacitor discharge unit (CDU) was used which produces current pulses up from 500A to ~3kA peak current with 150-ns rise times over Kapton stripline with 10-mm-wide conductor. The experimental setup for the transient current pulse testing is shown in Fig. 8 . The sensor was positioned between the two Kapton lines such that that the magnetic field components added along the optical axis of the sensor. An external magnetic field bias was applied along the optical axis of the sensor as well to investigate the effect on temporal response. The electrical signal from the photodetector was displayed on an oscilloscope which was triggered by a pulse generator which also triggered the CDU. .
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Kapton stripline Time (s) Figure 9 . Current-viewing-resistor (CVR) signal and photodetector (PD) signal vs time at B=100G for peak currents I peak ranging from 546 to 2924A.
The current waveform given by the current-viewing-resistor (CVR) signal from the CDU and optical response given by the photodetector (PD) signal at B=100G is shown in Fig. 9 for I peak ranging from 546 to 2924A. The optical response peak was observed for I peak up to 3kA which was the limit of the CDU. The optical response generally showed about a 500µs delay, was slightly broader and resolved negative and secondary transients with varying fidelity depending on the external B-field bias.
These measurements were taken over a number of different B-field biases as shown in Fig. 10 . Shown in Fig. 11 is the same plot as Fig. 5(a) indicating the direction of the initial current/B-field pulse for B=-500, -300, -100 and 200G. For B=-500G, the optical response over the first current peak is negative. For B=-300 and -100G, the optical response initially decreases and then increases as the total B-field (dc bias + current pulse contributions) becomes positive. For B=100, 150 and 200G, the optical response is positive as expected where saturation is observed for the B=200G case. These trends are consistent with the dc power trends in Fig. 11 . By comparing DC and transient results, the 3kA peak current transient response roughly corresponds to B=450G. Therefore, it is estimated that for this particular sensor geometry and placement, this BIG film saturates at B=600-650G. The peak signal amplitude of the optical response is plotted as a function of peak current for various B-field biases as shown in Fig. 12 showing greater sensitivity for higher positive B-field bias values. For the B= -600G case, higher change in signal is observed for lower peak current values as it is operating on a steeper part of the power curve shown in Fig. 11 for small current swings. 
SUMMARY
In summary, we have presented both dc and transient pulse characterization results for a fiber-optic current sensor. The dc results show change in polarization angle as well as DOP and power as a function of B-field. The transient pulse optical response was observed up to 3kA peak current values with 150-ns rise time using the power change mechanism which generally follows the current waveform, and the optical power behavior follows dc trends. It was shown that the sensitivity in specific current ranges can be optimized by using external magnet bias. Overall, this fiber-optic current sensor operating with a power change mechanism shows promise for high-performance, low-power, high-speed transient current pulse sensing.
